Abstract. Bone morphogenetic proteins (BMPs) are broadly involved in normal embryo development and abnormal pathological process such as cancer. The complexity and diversity of BMPs and their signaling pathways impose quite different or even conflicting effects on clinical traits of tumors. The aim of the present study was to investigate whether different BMPs, including BMP2, BMP4, BMP6 and BMP7, influence esophageal squamous cancer cell (ESCC) growth, invasion and metastasis. BMP6 and type I receptor ALK2 and type II receptor BMPRII, ActRIIA and ActRIIB were expressed in all ESCC cell lines. In addition, adenovirus-mediated BMP overexpression did not affect ECA-109 cell growth. BMP6/7 overexpression increased ECA-109 cell invasion and metastasis, activated SMAD1/5/8 signal pathway and induced downstream gene ID1 expression. While BMP2/4 overexpression reduced ECA-109 cell invasion and metastasis and obviously promoted ERK1/2, P-38 and JNK activation with weak SMAD1/5/8 phosphorylation. When BMP6/7 favorite type I receptor ALK2 or type II receptor BMPRII was interfered with by dominant-negative mutation, BMP6/7-induced invasion and metastasis augmentation disappeared. Further investigation on clinical ESCC samples and non-tumorous adjacent tissue found that tumors with triple-positive BMP6, ALK2 and BMPRII had deeper growth than tumors with only BMP6 expression. These results suggested that different BMPs distinctly affected esophageal squamous cancer cell invasion and metastasis by employing different signal pathways.
Introduction
As a high risk cancer, esophageal cancer possesses several adverse characteristics including difficult early diagnosis, rapid tumor growth and metastasis, relatively low response to drug treatment and poor 5-years survival. The major type of esophageal cancer in Asian countries is esophageal squamous cell carcinoma (ESCC), while esophageal adenocarcinoma occupies predominant cancer type in Western countries. Although great efforts have been made to explore the mechanisms of epigenetic or genetic modifications occurred during esophageal tumorigenesis, the molecular biology of esophageal cancer is still too complicated to understand throughly. Research on esophageal squamous cancer indicated that activation of oncogenes and impaired signaling pathways, such as c-Myc, VEGF and TGF-β (1), actively participated in the development of esophageal cancer, and correspondingly molecular treatments targeted to abnormal signaling pathways were widely designed and tested.
Bone morphogenetic proteins (BMP), as the members of transforming growth factor-β (TGF-β) superfamily, were initially described for osteoinductive potentiality. During human development, BMPs also take part in many biological activities including cell proliferation, migration, apoptosis and differentiation (2) . As secretory proteins, BMPs exert functions by coupling with receptors. There are two groups of BMP receptors, named type I and II receptors of serine/ threonine kinase. Type I receptors contain activin receptorlike kinase-2, -3 and -6 (ALK-2, ALK3 and ALK-6), while type II receptors include BMPRII, ActRIIA and ActRIIB. By binding to type II receptor and subsequently activated type I receptor, BMPs transduce signaling via phosphorylating SMAD1/5/8 proteins, which further coordinate with co-SMAD4 protein to activate target downstream genes. Except their indispensable roles in normal development, BMPs and their receptors were extensively found abnormally expressed in carcinomas, such as prostate, breast and ovarian cancer (3) (4) (5) . Studies of those cancers indicated that malfunctions of BMP signaling pathways were more or less responsible for cancer progress, including proliferation, invasion and metastasis and protected cells from death. BMP2 and BMP4 are different from BMP6 and BMP7 based on their structural sequence similarity. BMP2 and BMP4 share 92% similar amino acid sequence, while BMP6 and BMP7 can be categorized as a subgroup (6, 7) . BMP2 was found related with metastasis in gastric cancer and melanoma (8, 9) , proliferation in prostate and lung cancer (10, 11) , while BMP4 was reported to induce epithelial-to-mesenchymal transition (EMT) in ovarian and pancreatic cancer (12, 13) . BMP6 showed its roles in promoting E-cadherin expression and potential function in breast cancer metastasis (3). BMP7 exhibited its contradictory roles in promoting EMT in melanoma and related with metastasis in breast cancer or inhibiting TGF-β-induced EMT in esophageal adenocarcinoma (1, 14, 15) . SMAD-mediated BMP signaling pathway predominates in most BMP involved activities, but other signaling pathways have also been reported to be employed or cross-linked with BMPs, such as PI3K/AKT, MAPK/ERK/p38, WNT/β-catenin and TGF-β (16) (17) (18) . The flexible usage of BMP receptors and comprehensive signaling pathways may explain the conflicting results of BMP functions in cancers. Recently, Yuen et al (19) found BMP6 expression widely in clinical esophageal cancer samples and strong BMP6 expression associated with faint BMP inhibitor Noggin expression was correlated with shorter survival. BMP7 expression was also reported by Megumi et al (20) to predict poor prognosis of esophageal squamous cells. However, the roles of BMPs in esophageal cancer and underlying mechanisms need to be elucidated for further understanding the value of BMPs in esophageal cancer therapy.
In the present study, we detected BMPs and their receptor expression in ESCC cell lines and explored whether overexpression of BMP2, 4, 6 and 7 would affect ESCC cell proliferation, invasion and metastasis. Distinct influence on invasion and metastasis exhibited by BMP2/4 and BMP6/7 were attributed to different signal pathways. BMP6/7 promoted ECA-109 cell invasion and metastasis through ALK2 and BMPRII-mediated classical SMAD1/5/8-dependent pathways while BMP2/4 reduced invasive and migratory properties of ECA-109 without effective activation of SMAD1/5/8 pathways but simultaneously upregulated phosphorylated P-38, ERK and JNK. Classical BMP signal pathway interference by DN-ALK2 or DN-BMPRII significantly downregulated ECA-109 cell growth, survival, invasion and metastasis. Clinical ESCC patient samples showed different expression pattern of BMP6, ALK2 and BMPRII, but tumors with triple-positive expression of the proteins had deeper invasion. Taken together, this study indicates that BMP6/7 promotes invasion and metastasis of esophageal squamous cancer through ALK2-SMAD pathways, which can serve as potential targets for esophageal squamous cancer therapy. Cell proliferation assay. Cell proliferation was performed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Promega, Madison, WI, USA) colorimetric assay. Briefly, esophageal cancer cells were infected by different adenovirus for 24 h and then seeded into 96-well plate at 5,000 cells/well. After cells tightly attached, MTT reagent was added to detect cell viability as 0 h time-point or at 24-h interval. For each well, 20 µl 5 mg/ml MTT reagent was added and incubated at 37˚C for 4 h. DMSO was used to dissolve formazan precipitation at the end of incubation and then optical density of each well was measured at 490 nm by a plate reader (Sunrise Remote; Tecan Group Ltd., Männedorf, Switzerland). Each sample contained at least 5-wells and experiments were performed three times.
Materials and methods

Cell
Invasion and migration assay. To determine ESCC cell invasion and migration, Transwell migration chambers (Corning Incorporated, Corning, NY, USA) with 8 µm pores were used. After adenovirus infection for 24 h, cells were trypsinized and seeded at 5x10 5 in duplicate in the upper chamber of Transwell with or without Matrigel (Invitrogen). Lower chamber of 24-well plate contained 20% FBS. After allowing cell migration for 24 h, the filters of Transwell were dried, fixed and stained by hematoxylin and eosin (H&E) or crystal violet. Ten random high power fields with evenly distributing cells were chosen to count invaded cells. All experiments were performed at least three times.
Transfection and SMAD-responsive alkaline phosphatase activity detection. Alkaline phosphatase reporter plasmid pSEAP2 (Clontech Laboratories, Inc., Mountain View, CA, USA) containing two BMP response elements (BRE) was constructed previously, named as pSEAP2-BRE. pSEAP2-BRE was transfected into ECA-109 cells using Lipofectamine 2000 reagent (Invitrogen) with conditional medium of GFP or BMPs produced by the HEK293 cells. Supernatant of cells was extracted after transfection for 24 h and alkaline phosphatase activity was detected by the SEAP chemiluminescence.
Colony formation assay. After ECA-109 infection with AdDN-ALK2 or AdDN-BMPRII for 24 h, low density cells were seeded in 12-well plate by 100 cells/well. At least three wells were employed for each group. ECA-109 and ECA-109 infected by AdGFP served as control. Then cells were incubated in 37˚C for a week. The plate was washed gently by phosphate-buffered saline (PBS) to remove dead cells and then stained by crystal violet.
ESCC tumor samples. ESCC patients enrolled in this study were the same cohort as a previous report (21) . All samples, including tumor tissues and non-cancerous tissues, were collected and kept in liquid nitrogen until RNA extraction. The patient clinical histopathological profiles were also collected and classified according to the differentiation status, TMN stage and tumor depth, which contain shallow tumor invasion within the mucosa and deep submucosal invasion. 
Results
BMPs and their receptor expression in ESCC cell lines.
To evaluate the functions of BMP signaling pathways in ESCC, RT-PCR analysis to detect mRNA transcripts for BMP ligands (BMP2, 4, 6 and 7), type I receptors (ALK1, 2, 3 and 6) and type II receptors (BMPRII, ActRIIA and ActRIIB) was performed. As shown in Fig. 1A , transcripts of ALK2, BMPRII, ActRIIA and ActRIIB were positive in all three ESCC cell lines, ECA-109, KYSE150 and KYSE180. None of them expressed type I receptor ALK6. BMP6 expression was detected in all these cell lines, consistent with the previous report of Yuen et al (19) that BMP6 can be detected in most of esophageal squamous cells and clinical esophageal cancer tissues. We also found weak expression of BMP2 in ECA-109 cells. However, BMP4 and BMP7 showed negative expression in three ESCC cell lines.
In some reports, serum concentration is seemingly an important factor which greatly affects BMPs expression and their functions. To address this question, we carried out RT-PCR to detect BMPs and their receptors expression levels under the condition of 10 or 0.1% FBS supplement for 36 h. No detectable difference was observed in the expression of BMP2, BMP6, ALK2, ALK3, BMPRII, ActRIIA and ActRIIB in ECA-109 cells (Fig. 1B) . Fig. 2A) . Compared with GFP control group, none of the BMP overexpression changed the proliferation rates of ESCC cells, while adenovirus-loading effect retarded cell growth relatively (Fig. 2B) . Besides, although serum deprivation (0.1% FBS) slightly depressed ECA-109 proliferation, no difference was observed among BMP-overexpressing groups and control group (Fig. 2C) . Many reports have indicated that BMPs extensively participate in cancer-related invasion and metastasis. Therefore, the impact of BMPs on invasion and metastasis of ESCC cells was determined by Transwell chamber assay. Surprisingly, not only overexpression of BMPs significantly influenced ESCC cell invasion and metastasis, but different BMPs showed distinct effects. BMP2/4 expression led to >20% reduction of invasion and migration, while BMP6/7 overexpression somehow increased ECA-109 cell invasion and migration by 10-20% (Fig. 3) . Similar results were also found in KYSE150 and KYSE180 cell lines (Table II) .
Overexpression of BMPs has no effect on cell proliferation
but differentially affect invasion and metastasis. Expression of BMP receptors in esophageal cancer cell lines lays the foundation that BMP signaling pathway may be potentially viable in ESCC cells. Therefore, different BMPs were overexpressed in ECA-109 cells, respectively, to evaluate their impacts on cells proliferation (
BMPs can differently activate Smad1/5/8 signal pathway.
Most of BMPs exert their functions by activating classical Smad1/5/8-mediated pathway which lead to transcriptional activation of downstream genes. Total protein was extracted under different BMP overexpression conditions to detect the activation of various signal pathways by western blot analysis. Compared with control, the phosphorylated form Smad1/5/8 was significantly induced under BMP6 (1.39-fold) and BMP7 (1.56-fold) stimulation while slight increment can be seen in BMP2 (1.18-fold) and BMP4 (1.22-fold) groups. Total Smad1/5/8 showed equivalent expression in all groups. There was no detectable expression of p-Smad1 in ECA-109 cells treated either by Ad-GFP or Ad-BMPs, although total Smad1 can be clearly and prevalently observed (Fig. 4A) . If BMP-Smad1/5/8 signal pathway is functionally transduced, downstream target genes containing BMP response element in promoter region can be transcriptionally activated accordingly. ID1, as a well-known BMP-target gene, was detected by PCR after BMP overexpression in ECA-109 for 48 h. ID1 mRNA was significantly upregulated by treatment with BMP6 (2.12-fold) or BMP7 (2.17-fold) but slightly increased in BMP2 and BMP4 overexpressing cells (Fig. 4B) . BMP response element (BRE) alkaline phosphatase reporter was then employed to verify Smad-dependent signaling activation. Alkaline phosphatase activity was obviously high in BMP6/7-treated cells (1. in cell biology along with embryo development. Therefore, we explored whether the phenomena also existed in ESCC cells. As shown in Fig. 4D , phosphorylated P-38, ERK1/2 and JNK were obviously upregulated in BMP2-and BMP4-treated groups, but not in BMP6-and BMP7-treated groups.
ALK2 and BMPRII participates in BMP6/7-induced cell invasion and metastasis.
Because of sequence homology, BMP6 and BMP7 have similar preference to employ type I receptor ALK2 and type II receptor BMPRII for signal transduction. The classical Smad-mediated pathway activation, and coincidently increased cell invasion as well as metastatic properties prompted us to detect whether ALK2 and BMPRII involved in BMP6/7 overexpression-related events. Adenovirus expressing DN-ALK2 and DN-BMPRII were used, respectively. As demonstrated in Fig. 5A , DN-ALK2 or DN-BMPRII supplement by condition medium can significantly inhibit cell proliferation by ~15-20% in serum-containing medium (10% FBS). BMP inhibitor Noggin served as positive control which decreased cell growth by 10%. Colony survival assay also demonstrated that ECA-109 cells containing DN-ALK2 or DN-BMPRII exhibited slower growth and less colony formation (Fig. 5B) . Then, BMP-overexpressing esophageal cancer cell invasion and metastasis were tested with or without DN-ALK2 or DN-BMPRII interference. As showed in Fig. 5C and D, relative to control, DN-ALK2 or DN-BMPRII expressing cells showed markedly reduced cell number invaded or migrated through Transwell chamber membranes and further halted the increment of invasive and migratory properties induced by BMP6/7 overexpression. However, DN-ALK2 or DN-BMPRII hardly altered the negative effects of BMP2/4 overexpression on invasion and metastasis.
ALK2, BMPRII and BMP6 have different expression pattern in ESCC patients.
We used RT-PCR to detect ALK2, BMPRII and BMP6 mRNA expression, respectively, in ESCC tumor samples and adjacent non-cancerous tissues (n=50). Compared to the respective non-cancerous tissue, BMP6 overexpression was broadly observed in 40 out of 50 samples (90%), while 17 samples showed positive ALK2 (34%) and 15 samples showed BMPRII expression (30%). (Table III) , although no effect on tumor differentiation status and lymphatic invasion was observed.
Discussion
BMPs family contains more than twenty identified members, which are widely involved in multiply biological processes, especially in bone formation and embryo development. For decades, the diverse roles of BMPs in tumor cell growth, invasion, metastasis and angiogenesis have been extensively studied. BMPs and BMP receptors were found in many cancers, including prostate, breast, ovarian, melanoma, lung and esophageal cancer (22) (23) (24) . Recently, Yuen et al (19) found that BMP6 expression can be detected in the majority of esophageal squamous cancer cell lines and clinical esophageal cancer tissues correlated with tumor progression and prognosis along with BMP antagonist expression level. In this study, BMP6 expression in all three esophageal squamous cancer cell lines and BMP type I and type II receptors can also be detected, indicating that BMP signal would be potentially functional in esophageal cancer cells. BMP7 expression has also been detected in more than half of clinical esophageal squamous cell carcinoma samples and patients with BMP7 expression had deeper invasion and poorer prognosis (20) . We did not find any BMP7 expression in esophageal squamous carcinoma cell lines and in clinical ESCC tumors. To investigate the roles BMPs played in esophageal squamous carcinoma, overexpression of different BMPs by adenovirusbased gene expressing were carried out in ECA-109 cells. Although many reports have demonstrated that upregulation of BMPs can greatly affect cancer cell proliferation such as prostate, breast and lung cancer, overexpression of BMP2, 4, 6 and 7 in this study did not affect proliferation rate. One possible reason is that previous reports always employed recombinant human BMP proteins at relatively high concentrations. Such as in the study of Kim et al (25) , they found that exogenous recombinant human BMP2 could decrease ESCC cell proliferation in vitro and reduce tumor growth volume in vivo, possibly through Hippo signaling pathways, in which the concentration of rhBMP2 ranged from 10 nM to 10 µM and 10 µM was used throughout the research. Kokorina et al (26) also utilized 100 ng/ml rhBMP2 to test oral carcinoma cell invasive ability. Several reports showed that the concentration of FBS can greatly affect tumor cell proliferation or growth suppression under BMP supplement conditions. According to this, conflicting results were observed among BMP research on the same tumor type. However, no difference of growth rate or alteration of BMPs and their receptors expression can be found cultured with 10 or 0.1% FBS here. The effects of serum concentration on BMPs in different cancers provided a notion that the conclusion of the roles of BMPs in cancer should be made depending on the cancer type itself. Therefore, it is possible that the influence of serum concentration is too delicate to be detectable in esophageal squamous carcinoma.
Although the investigation on esophageal squamous tumor clinical samples showed inconsistent upregulation of BMP6, ALK2 was prevalently detected in both esophageal cancer tissues (34%) and in esophageal cancer cell lines. ALK2 expression may confer a favorable condition for BMP6 binding and promoting esophageal cancer cell motivation. As indicated in other research that BMPs exert biological functions by classical SMAD-mediated pathway, we found that BMP6/7 overexpression significantly activated Smad1/5/8 signaling pathways and then transcriptionally upregulated ID1 expression and BRE-driven alkaline phosphatase reporter activity. Classical Smad-dependent pathway activation has been implicated involved in BMP-induced invasion and metastasis (27, 28) . ID1 transcriptional activation alone or induced by BMPs was found related with increased cancer aggressiveness (18, (29) (30) (31) . Furthermore, interference of type I receptor ALK2 or type II receptor BMPRII by dominant negative mutants decreased cancer cells invasion or migration through membrane with or without Matrigel. Besides, ALK2 interference or BMP inhibitor Noggin supplement also reduced cell growth and long period clonal survival ability. Combined with the report by Yuen et al (29) that widely expressed BMP6 and low level of BMP antagonists were demonstrated in esophageal cancer, our results suggested that esophageal squamous cancer cell may acquire favorable cell proliferation partly through a BMP6-ALK2 autocrine manner, similar to BMP9 in ovarian cancer.
Notably, BMP2 and BMP4 overexpression somehow reduced cell invasion and metastasis. Compared to BMP6 and BMP7, BMP2 and BMP4 induced less Smad1/5/8 phosphorylation and correspondingly lower BRE alkaline phosphatase reporter activation and ID1 mRNA expression. Additionally, DN-ALK2 or DN-BMPRII exerted much less effect on BMP2/4 related invasive and migratory events than BMP6/7 exhibited, indicating that BMP-SMAD pathway may not be effective in BMP2 and BMP4 overexpression cases. This hypothesis in turn explained why BMP2 and BMP4 did not enhance cell invasiveness and migration as BMP6 and BMP7 showed. Lavery et al (32) reported that BMP2/4 and BMP6/7 utilized different receptors to induce human osteoblastic differentiation. Whether the similar mechanisms also existing in cancer biology is unknown, but ALK2 interference did not affect BMP2/4-induced activities and BMP2/4 preferential receptor ALK6 was absent. Further investigation on involving signal pathways in BMP2/4-overexpressed cells showed activation of ERK1/2 and P-38 pathways which were nearly unchanged in BMP6/7-overexpressed cells compared with control. The utilization of other signaling pathways by BMPs to exert different functions other than classical SMAD1/5/8 pathways has been addressed in other studies. Jung et al (33) reported that BMP9 potently inhibited liver cancer stem cell percentage by phosphorylating P-38 which in turn activated ID3 expression and p21 induction. In blood vessel endothelium cells, BMP4 induced capillary sprouting relying on ERK phosphorylation activation (34) . Although several reports have indicated potential crosstalk between BMPs and MAPK signal pathway, the definite mechanisms is largely unknown. Our reports showed that MAPK signal pathway may participate in BMP2/4-related biological activities in esophageal squamous cancer cells. Whether this phenomenon prevalently exists or is tissue-specific need further investigation. The discrepancy of BMP2/4 and BMP6/7 effects on ESCC cells may reflect their different functions in esophageal development. In normal tissue and organ development, stem cell differentiation and self-renewal ability are strictly regulated. The similarities between cancer stem cells and normal stem cells indicate the complicated tumor traits at differentiation or dedifferentiation perspective. As shown in the study of Jiang et al (35) , normal adult mouse esophagus basal progenitor cells resisted BMP4-induced squamous differentiation by expressing BMP inhibitor follistatin, and human immortal esophageal progenitor cells can also be induced to differentiate by BMP4 and proliferation inhibition. BMP4 can also promote hepatic cancer stem cells to differentiation by activating ERK1/2 pathway (36). On the contrary, BMP6 expression in esophageal cancer was negatively related with tumor differentiation and keratinization (7) .
The present study demonstrated that BMP signaling is potentially activated in esophageal squamous cancer cells and related with cancer cell growth, invasion and metastasis. BMP6 were shown prevalently expressed in esophageal squamous cancer tissues and cell lines and associated with cancer progress and prognosis (19) . BMP6/7 activated SMADdependent classical BMP signaling pathways through type I receptor ALK2. ALK2 interference diminished cell growth, and BMP6/7-induced accelerated invasion and metastasis. Therefore, targeting BMP6/7 signaling pathway in esophageal squamous cancer, such as ALK2-specific inhibitor application, lay a rational foundation for esophageal squamous cancer treatment.
